In this work, two embroidered textile moisture sensors are presented. The sensors are based on a capacitive interdigitated structure embroidered on a cotton substrate with an embroidery conductor yarn composed by 99% pure silver plated nylon yarn 140/17 dtex. In order to evaluate the sensor sensitivity, the impedance of the sensor has been measured by means of a LCR meter from 20 Hz to 20 kHz on a climatic chamber with a sweep of the relative humidity from 25% to 65% at 20 °C. The experimental results show a clear and controllable dependence of the sensor impedance with the relative humidity. Therefore, this dependence points out the usefulness of the proposed sensor to develop wearable applications on health and fitness scope.
Introduction
Embroidery has been revealed as the most effective technique to implement wearable sensors. This fact is due to the availability of the manufacturing technology (industrial embroidery machines), efficient exploitation of the expensive specialized conductive threads and repeatability of geometries and layouts [1] . These wearable sensors are suitable for application fields such as health monitoring, physical training, emergency rescue service and law-enforcement [2] . In particular, the integration of flexible, lightweight and comfortable designs allows the deployment of wearable solutions [3] . In the last years, a great effort has been focused in designing new sensors included in garments for healthcare applications [4] .
In this work, an embroidered textile sensor in order to measure the moisture is presented. A full characterization and modelling has been carried out. The remainder of the paper is organized as follows. Section 2 describes the Material and methods, the textile sensor layout and implementation as well as the measurement set-up. In Section 3 the experimental results are shown and discussed. Finally, in Section 4 the conclusions are summarized.
Materials and Methods
The proposed moisture sensor is based on a capacitive embroidered interdigitated structurewhose dimensions are depicted in Figure 1 . A commercial Shieldex 117/17 dtex 2-ply has been chosen as a conductive yarn in order to embroider the interdigitated structures on a high hygroscope substrate. Specifically, a cotton substrate with a thickness (h) of 0.43 mm has been chosen. A Singer Futura XL-550 embroidery machine with a satin fill stitch pattern has been selected in order to achieve a homogeneous yarn distribution over the sensor surface. In order to characterize the sensor behavior, the device has been tested ina CCK-25/48 Dycometal climatic chamber and the sensor impedance has been measured by means of an external Rohde & Schwarz HM8118 LCR meter. An image of the experimental setup and embroidered short sensor are shown in Figure 2 .
The sensors impedances have been measured from 20 Hz to 20 kHz in a 25% to 65% of relative humidity environment, meanwhile the temperature has remained constant at 20 °C. Figure 3 shows the measured sensor impedance when the moisture is swept from 25% to 65% for four different test frequencies. It is observed that the impedance module of sensor is reduced when the environmental moisture increases, which confirms the functionality of the proposed structure as a moisture sensor. The measured phase impedance of the sensor denotes that for low relative humidity the sensor has a capacitive behavior, as expected. Moreover, for higher relative humidity concentration the sensor tends to be resistive. The reason of this behavior is the hydrophilic property of the cotton. Indeed, when the relative humidity increases, the cotton substrate absorbs water and the electrical permittivity of the substrate increases. As a result, the impedance of the sensor is reduced.
Results and Discussion
Long and short sensor shows similar behavior with the relative moisture. However, as it is expected, the impedance of the longer sensor (Figure 3b) is lower than the impedance of the short device (Figure 3a) . In particular, for the 20 Hz test signal, the short sensor impedance decreases from 1.1 GΩ to 20.4 MΩ when the moisture increases from 25% to 65%, whereas, for long sensor device it decreases from 0.83 GΩ 10 12.5 MΩ for the same moisture range. It should be noticed that the obtained impedance values at the low frequency range are too high in order to develop a portable device based on the proposed sensor. These wearable devices are typically based on a single integrated circuit, such as the AD5933 impedance converter [5] (Texas Instruments, Dallas, USA). Nevertheless, using the proposed sensor in the range of kHz allows obtaining impedances in the range of a MΩ. In these cases, the impedance values that can be measured with this integrated circuits.
If we focus on the electronic performance according to the behavior of the proposed sensors at 2 kHz, they can be modelled as a RC parallel lumped model (Figure 4b) , where the R and C values are moisture dependent. In Figure 5 the R and C dependence from 25% to 65% RH at 2 kHz is shown for both short and long sensor. It can be observed than when the moisture level increases the capacitance is increased, whereas the resistance is reduced in both sensors. It should be pointed out that both sensors show a similar trend with the moisture impact, with a clear sensitivity change around 55% RH. Despite, the short sensor has a lower capacitance and higher resistance value, due to his physical dimensions. In fact, the capacitance increases from 1.45 pF to 8.84 pF for the short sensor and from 3.13 pF to 19.40 pF for the long sensor. Meanwhile, the resistance decreases from 4.42 MΩ to 2.68 MΩ and from 4.17 MΩ to 2.26 MΩ for the short and long sensor, respectively. 
Conclusions
In this work two interdigitated embroidered textile sensors have been proposed and characterized. The sensors have been embroidered over a cotton substrate with a commercial Shieldex 117/17 dtex 2 yarn. The measured results show that the proposed sensors can be modelled by means of a RC parallel lumped circuit, where the R and C value are moisture dependent. These preliminary results demonstrate experimentally the usefulness of the proposed sensors at the kHz range to develop wearable application over textiles materials for health and fitness applications, such as the sweating measurement.
